We generated 0.66 m picosecond pulses by second-harmonic generation of the Raman amplified output of a 1.3 m actively mode-locked fiber ring laser in a periodically poled potassium titanyl phosphate (PPKTP) waveguide. The ring laser produced 9 ps pulses at a 20 GHz repetition frequency, was tunable over 1284-1330 nm, and was based on a semiconductor optical amplifier and a Mach-Zehnder amplitude modulator. The Raman amplifier served both to amplify the ring laser and to compress the pulses as solitons. The spectral flexibility of the amplifiers and the modulator should enable similar configurations to be made at other wavelengths and facilitate efficient frequency doubling in waveguides to other visible wavelengths. © 2005 Optical Society of America OCIS codes: 190.4160, 190.5650. Much research has been undertaken in recent years toward the development of short-pulsed lasers near 1.3 and 1.55 m for use as bit streams in optical fiber telecommunication systems. 1,2 Actively mode-locked fiber lasers, in particular, have received attention because of their size, robustness, fiber integration, efficiency, and ability to generate picosecond pulses readily at tens-of-gigahertz repetition frequencies. Whereas development of sources in the 1.55 m region has been rapid because of the availability and attributes of erbium-doped silica fiber, sources near 1.3 m have conversely advanced much more slowly owing to a lack of suitable gain media. Some research with rare-earth dopants such as praseodymium and neodymium has been done in this range, but such systems are typically hindered by high coupling losses into the soft fluoride fibers and by power budgets restricted to sub-100 mW levels.
Much research has been undertaken in recent years toward the development of short-pulsed lasers near 1.3 and 1.55 m for use as bit streams in optical fiber telecommunication systems.
1,2 Actively mode-locked fiber lasers, in particular, have received attention because of their size, robustness, fiber integration, efficiency, and ability to generate picosecond pulses readily at tens-of-gigahertz repetition frequencies. Whereas development of sources in the 1.55 m region has been rapid because of the availability and attributes of erbium-doped silica fiber, sources near 1.3 m have conversely advanced much more slowly owing to a lack of suitable gain media. Some research with rare-earth dopants such as praseodymium and neodymium has been done in this range, but such systems are typically hindered by high coupling losses into the soft fluoride fibers and by power budgets restricted to sub-100 mW levels. 3, 4 Other systems have focused on semiconductor optical amplifier (SOA) gain. For example, in conjunction with an electroabsorption modulator, a SOA ring laser was shown to generate a 10 GHz train of 1.9 ps pulses that was tunable from 1304 to 1314 nm. 2 In this Letter a wavelength versatile 1284-1330 nm fiber ring laser is demonstrated that is based on a SOA and a Mach-Zehnder amplitude modulator (MZAM). The laser operated at a 20 GHz repetition frequency and generated 9 ps pulses. With a 1.3 m fiber Raman amplifier (FRA), these pulses were amplified and launched into a periodically poled potassium titanyl phosphate (PPKTP) waveguide poled for second-harmonic generation (SHG) to the red. Previously it was shown that high-repetition-rate, picosecond pulses at 772 nm can be obtained from a fiber Raman amplifier-compressor system by use of SHG in bulk PPKTP. 5 In periodically poled ferroelectric waveguides, however, higher conversion efficiencies are possible than in bulk confocally focused systems because of increased wave interaction at higher intensities. 6, 7 Waveguides also have the potential of being fiber pigtailed and used in compact configurations with fiber pump sources. The picosecond red pulses obtained in this research could find applications in time-resolved spectroscopy, biomedicine, and technology. Figure 1 shows the experimental configuration that we used to obtain the red picosecond pulses. The fiber ring laser is shown at the left. Gain in the system was provided by a 1.3 m SOA (SOA1), and tuning was achieved with a 1.0 nm, 3 dB bandwidth tunable filter. A 1.3 m isolator ensured unidirectional operation. Active modulation took place in a 15 GHz bandwidth lithium niobate MZAM that was driven by a 10 GHz sinusoidal radio frequency signal. The optical repetition frequency was double the drive frequency at 20 GHz as a result of biasing of the MZAM at transmission peaks or troughs. 8 To achieve mode locking, we tuned the radio frequency to a high harmonic of the ϳ9 MHz cavity round-trip frequency. Polarization controllers (PCs) were used to optimize transmission in SOA1 and the MZAM. Fifteen percent of the power in the ring was extracted, with the remainder recirculated. The ring output average power was approximately −6 dBm. We used a second 1.3 m SOA (SOA2) at the ring output to obtain an average power of ϳ3 mW.
Figure 2(a) shows the average power and pulse durations out of SOA2 across the 1284-1330 nm ring laser tuning range. Fairly constant 9-10 ps Gaussian pulses were obtained with ϳ3 mW average power. The output from SOA2 was subsequently amplified in a 1.3 m FRA based on a 12.7-km standard telecommunications fiber (STF) with zero dispersion at 1316 nm. The STF had a 9.3 m mode field diameter at 1.3 m, a dispersion slope of 0.086 ps nm −2 km −1 , and a 1246 nm cutoff wavelength. The FRA was pumped by a continuous-wave 1258 nm fiber Raman laser (FRL) in a counterpropagating pump-signal geometry with 1.3 m optical circulators. Figure 2 (a) also shows the FRA output average powers and pulse durations across the tuning range for 0.88 W of FRL power in the STF. The Raman gain spectral profile is evident in the output power curve with a peak near 1326 nm. The inset of Fig. 1 shows a typical signal spectrum centered at 1327.7 nm and the corresponding autocorrelation at the FRA output for 0.88 W of FRL power. The signal had a 3 dB linewidth of 0.33 nm and pulse durations of 6.7 ps in this case, assuming a sech 2 intensity profile. It should be noted that the 1330 nm upper tuning limit in this system is simply a result of the filter that was used and should be extendable to longer wavelengths with an appropriate filter.
Temporally the pulses were observed to compress for wavelengths longer than 1316 nm because of the anomalous dispersion of the STF and soliton formation. 5 To wavelengths shorter than 1316 nm, the STF dispersion was normal, so the pulses dispersed accordingly. With increased FRL power, the signal power increased exponentially because of Raman gain, as shown in Fig. 2(b) for a 1327.7 nm signal. For signal wavelengths in the anomalously dispersive region of the STF, this amplification led to soliton temporal compression. For a 1328 nm 10 ps signal at a 20 GHz repetition frequency, the soliton period and power (average) in the STF were approximately 54 km and 0.6 mW, respectively. Consequently, excessive amplification occurred across each soliton period, which led to nonadiabatic compression and shedding of energy that propagated as dispersive waves. With increased Raman amplification, a larger percentage of the FRA output signal was present in these dispersive waves. Figure 2 (b) also shows soliton durations for the 1327.7 nm signal with FRL pump power. For FRL powers of as much as ϳ0.95 W, the signal maintained most of its energy in the solitons and exhibited slight compression to ϳ6.5 ps. With higher FRL powers, the durations decreased and the percentage of power in the dispersive waves increased significantly to respective values of 0.3 ps and ϳ60% at a FRL power of 1.5 W. With temporal compression, the soliton linewidths broadened to as large as 2.8 nm.
To generate the red, we used a 1327.7 nm signal wavelength. The output from the FRA was passed through two PCs to linearize the polarization for the SHG process and launched into the PPKTP waveguide via a collimating-focusing lens arrangement. The PPKTP crystal consisted of a range of waveguide domains, each with a length of ϳ1 cm, a width and height of 4 m, and separation from neighboring guides of 25 m. The poling period of the guide used for SHG of the 1327.7 nm fundamental was 16.10 m, and the poling duty cycle was 50%. Figure 3 (a) shows the red average power evolution with the increase of fundamental power. The depicted powers are calculated internal values obtained from red and pump-power measurements at the output of the waveguide. We calculated these powers by considering Fresnel reflection at the crystal facets and, in the pump case, assuming no loss in the waveguide. The pump was observed to have 56% coupling into the guide. We measured the waveguide phasematching bandwidth by temperature tuning over a 15°C-60°C range [ Fig. 3(a) , inset]. The phasematching curve had a peak at 19.6°C and a 3 dB bandwidth of 11.7°C, corresponding to a wavelength bandwidth of 0.6 nm. Tuning the ring laser also permitted measurement of the phase-matching curve and showed a peak at 1327.7 nm and a 3 dB bandwidth of 0.9 nm. A maximum red average power of 1.24 mW was measured out of the waveguide, corresponding to an internal conversion efficiency of ϳ11%, assuming equal pump-signal pulse durations and that only ϳ0.6 nm of the 2.8 nm pump linewidth in this case was used for SHG. With the above information and with the assumptions of no pump depletion, a lossless waveguide, and a 16 m 2 modal overlap area, an effective nonlinearity d eff of 4.3 pm/ V was calculated for this waveguide. 7 Figure 3(b) shows the red output spectrum for the 1327.7 nm pump with 20 mW average power after the focusing lens (0.83 W FRL power). The red signal had a central wavelength of 663.6 nm and a 3 dB bandwidth of 0.18 nm. With increased pump power, the red linewidth increased to ϳ0.6 nm for a 1.1 nm, 3 dB linewidth pump with ϳ110 mW average fundamental power after the focusing lens.
In conclusion, a compact actively mode-locked 1284-1330 nm tunable fiber ring laser has been demonstrated that generated 9 ps pulses at a 20 GHz repetition frequency. Following amplification in a 1.3 m FRA, the pulses were frequency doubled to 663.6 nm in a PPKTP waveguide. The wavelength flexibility and the broadband nature of the core components (SOAs, a MZAM, and a FRA) should facilitate similar configurations at other wavelengths and efficient SHG in waveguides to other visible wavelengths. The FRA gain medium dispersion could be chosen in such systems to permit control over the launched and second-harmonic pulse durations. Longer waveguides could also be used to obtain higher conversion efficiencies for launched pump pulses longer than ϳ1.5 ps, as walkoff in such cases is not a limiting factor. Finally, fiber pigtailing the waveguides could lead to compact and stable configurations with fiber pump sources.
